This article presents the effects of air exchange rate (ACH) and air exchange effectiveness (AEE) on thermal comfort level of a naturally ventilated office room. The study was conducted in an office at UPM, Malaysia. Influence of ACH and AEE on thermal comfort has not been investigated and is, therefore, not well understood. The main objective of this research is to investigate and assess these influences through the variable windows-door opening arrangements. To determine the windows-door opening performance in terms of ventilation air flow rate, 14 opening configurations have been considered. Thermal comfort variables were measured at the same time when ACH and AEE were evaluated. Through these data, the thermal comfort Fanger's indices (Predicted Mean Vote (PMV) and Predicted Percentage Dissatisfied (PPD)), ACH and AEE were calculated. These results showed that for a naturally ventilated office room three linear regression equations of PMV versus ACH and three linear regression equations of PMV versus AEE can be derived.
INTRODUCTION
V ENTILATION IS CRUCIAL to indoor air quality. A certain rate of air exchange is essential to healthy indoor environment. The purpose of ventilation is to provide an acceptable microclimate in the space being ventilated by supplying and removing air by natural or mechanical means to and from any space (Burberry, 2001) . Microclimate refers to the thermal environment and air quality of the air space. These are the fundamentals to the comfort and well being of the human occupants.
Indoor air quality (IAQ) and thermal comfort are two important aspects of indoor environmental quality that receive considerable attention (Huizenga et al., 2006) . Age of air is an important index to evaluate IAQ and air exchange effectiveness (AEE) and greatly influences the indoor air quality, so it has become more and more concerned in the past decades. In order to assess the AEE and air distribution in room and building, a lot of parameters or indices have been proposed, but the age of air concept is currently used (Buggenhout et al., 2006; Li et al., 2006) . Applying the tracergas techniques to the experimental program, the concentration decay of CO 2 is used to measure the age of air and calculate the AEE.
Most buildings are not equipped with suitable devices for natural and/or mechanical ventilation where air exchanges are only due to air infiltration through the cracks and the frames of windows and doors. When the amount of fresh air supplied by air infiltration is not enough to assure a satisfactory indoor comfort either from the thermal or olfactory point of view, the occupants themselves will, at times, operate a control by means of windows and/or doors opening (i.e., airing) (Fracastoro et al., 2002) . In natural ventilated buildings, the usual controls available to occupants are openable windows, doors, blinds and curtains, fans, central heating, electric or gas heaters, and hot air blowers. Windows are one of the major means by which building occupants control the indoor environment (Raja et al., 2001) .
Numerous climate chamber and field studies have been conducted in the hot humid South East Asian and the surrounding regions since 1930s (Sabarinah and Ahmad, 2006) . Based on the literature review done, there is few thermal comfort studies conducted in Malaysia before the 1990s. However, since the 1990's with increasing energy use in the commercial sector, more research has been conducted in the area of thermal comfort (Ahmad, 2004) .
Cooling by natural ventilation and passive cooling is a good energy conserving design strategy to improve indoor thermal comfort and air quality in a tropical country like Malaysia which has high daytime temperatures of 298C to 348C and relative humidities of 70% to 90% throughout the year. With good air movement, the occupants can be more comfortable at higher temperatures and humidities than would be possible in still air conditions. Most of the present and previous designers and architects do not give enough consideration to air flow and structural control in their design, either due to lack of understanding and research in this area, or they are more concerned with the aesthetic value of the building rather than occupant comfort. As a result, massive air-conditioning systems are installed to correct ill designed buildings. In addition, the airconditioning systems are installed simply by using the size of rooms as the main criteria, resulting in systems that are over-sized thus leading to wasting of energy (Abdul Rahman and Kannan, 1997) .
So, there is a need to investigate the factors that influence thermal comfort as well as the IAQ that can be tolerated by the occupants and determine relationships between them. The main objectives of this study are as follows:
. To evaluate the indoor thermal comfort indices of a naturally ventilated office through different windows-door opening arrangements, and to determine the acceptability with ASHRAE standard 55-1992 and ISO/ WD 7730 (ASHRAE, 1992; ISO/WD, 2000) . . To determine and examine air exchange rate (ACH) by monitoring the decay of the concentration of tracer gas in an office room through different opening and to determine the acceptability with ASHRAE standard 62 (ASHRAE, 1989) . and, . To find whether there are relationships between thermal comfort, air exchange rate, and air effectiveness in an office in a tropical climate.
MATERIALS AND METHODS
Experimental work was conducted in an office room at the 5th level of the Mechanical Engineering Department office building (block A) Faculty of Engineering at UPM. During the experimental work, the air conditioner and all the lights were switched off. The layout of building is shown in Figure 1 and A sketch of room characteristics is shown in Figure 2 . The dimension of room was: 4.10 m by 3.80 m by 2.61 m height (Figures 3 and 4 ). The volume of room was 41 m 3 and its ground surface area was 15.6 m 2 . The office consists of three interior walls, interior floor and ceiling, and one exterior wall with window area. The office is normally used by one person but with a possibility to have meetings around a small round table with up to four people taking part.
For these windows and one door at office room, 14 different opening arrangements were carried out, as shown in Table 1 .
Calibration
The Thermal Comfort Meter (BABUCA) and IAQ meter were calibrated prior to usage according to calibration instructions. The experiment was conducted for each case and all experiments were repeated a minimum of three times. To measure the local mean age of air and average age of air Influences of AEE and its Rate on Thermal Comfort at the system exhaust, Carbon dioxide (CO 2 ) was injected into the room. The precision of the test method was determined by recharging the room with CO 2 three times for each condition and reanalyzing the decay. The mean coefficient of variation of the three duplicated tests for the slope of line (slope of Naperian logarithm against elapsed time curve) for each condition was 2%.
In order to verify the output of the BABUCA, temperature, humidity, and air velocity probes, a second measurement of room temperature, humidity, and air velocity was taken at the same time for each condition using thermocouple wires type alumel-chromel, temperature and humidity tester CLO-PARAMETER 03313-86, and TSI's VELOCICALC Õ Air Velocity Meter.
Before using the thermocouple wires calibration was done by putting the thermometer wire into a box of ice until it showed 0.068C. At the same time one mercury thermometer was put inside the box of ice and it showed 0.068C too. The calibration results of the thermocouple wires used in this research against the BABUCA was performed at two indoor conditions (Both the windows and the door were closed and both the windows and the door were open). The errors were found for each condition to be50.018C in these two conditions.
Using thermocouple wires, temperature and humidity tester, and TSI's Air Velocity Meter, dry bulb temperature (DBT) were taken and compared with BABUCA measurements. The mean coefficients of variation of these tests were 51% (range 0.7-1.02%). Temperature and humidity tester and an Air Velocity Meter were measured relative humidity (RH) and the mean coefficient of variation in comparison to BABUCA was50.96% (range 0.2-1) for each condition. Air velocity was taken using TSI's VELOCICALC Õ Air Velocity Meter for each condition and the mean coefficient of variation in comparison to BABUCA was 51% for each condition.
Objective Approach
The thermal comfort level of the indoor environment is measured using a measuring physical quantities instrument (BABUCA) that was able to measure air velocity, relative humidity, dry bulb temperature, and globe bulb temperature. IAQ meter instruments simultaneously measure and data log multiple parameters to monitor IAQ conditions. All measurements were taken at a height of 1.0 m above the floor (Mom et al., 1947; Wong and Khoo, 2003) which represents the height of the occupant at seated level. BABUCA was placed at work plane level in the room at 1.5 m from the window. These measurements were carried out at one point at the middle of office. The samples were recorded every 1-min interval.
In this study, the metabolic rate is set to be 1.2 met (ISO/WD 2000) which is sedentary activities (office, dwelling, school, laboratory), whereas the Clo-value (thermal resistance) is set to be 0.5 where the males were wearing underpants, shirt with short sleeves, light trousers, light socks and shoes. The females were wearing 'baju kurong' which is of cotton or silk with light cotton undergarments and a lightweight scarf.
CO 2 was injected into the room and this was followed by a mixing period of 15 min (Cheong and Chong, 2001) to establish a uniform concentration in the air space using a desk fan. After an acceptably uniform initial tracer gas concentration was attained, the tracer gas injection was stopped and tracer gas decay occurred. The IAQ meter which is able to measure CO 2 concentration, Carbon monoxide (CO) concentration, dry bulb temperature, and RH located beside the BABUCA was at a height of 1.0 m above the floor and one sampling location inside the room (the middle of the room) was considered. The tracer gas decay method used for this study was a modification of ASTM standard E74I-83 described by (Bearg, 1993) . The tracer gas decay protocol was as follows: at the beginning the door and windows were closed in the room to be tested. The fan was on at full speed for at least 15 min to insure that the room air was reasonably well mixed and a uniform concentration in the air space is established, whenever tracer gas decay started 1 of 14 different opening arrangements was carried out. Measurements were carried on different days. However, for each day, the winds speeds vary between 0.12 m/s to 0.79 m/s. These variations are considered small and, therefore, the influence of wind speed over the measurements time is considered negligible.
RESULTS AND DISCUSSIONS

Evaluation of Air Exchange Rates
The ACH and the amount of fresh air quantities provided to the location for each condition are computed and tabulated in Table 2 . Best condition was Z and worst condition was A.
The amount of fresh air provided to the middle of the room for conditions A, F1, H, C1, E, W1, G, N, and P is 1, 2, 3, 4.4, 6, 7, 7, 8, and 8 (l/s)/person on the basis of design occupant density (10 m 2 /person). The ASHRAE-62 requirement is 10 (l/s)/person. This indicates that the provisions of outside air for ventilation in these conditions are considerably lower than the ASHRAE standard 62. These results showed that the office has an unacceptable ACH in these conditions. As a result, it could not be imagined enough airflow to change degree of stagnation. Inadequate ventilation will give rise to a poor indoor air quality.
In controlled condition A (Two windows closed and door closed), measurements were carried out on a calm day with an average wind speed of 0.3 m/s and the inside air velocity was 0.03 m/s. Inside mean air velocity was significantly low, in such case, there is no IAQ control and in such condition the air exchange is only related to air infiltration via windows and door.
In condition F1(Window No.1 half opened, Window No.2 closed and door closed), in spite of one window was half opened, it has been observed that the amount of fresh air was not sufficient to meet the ASHRAE standard 62 requirements. It is expected that the main reason for this case was that the outside mean air velocity was low and it was near inside mean air velocity. The values reported for inside and outside mean air velocity was 0.08 m/s and 0.12 m/s, respectively, and show low difference between them. The amount of fresh air is more than controlled condition, open windows aid air movement and may help to cool the building and occupants.
Condition H (Window No.2 half opened, Window No.1 closed and door closed) is similar to condition F1, but in this case the difference between inside and outside mean air velocity is higher than condition F1, thus the amount of fresh air is more than that.
Door (Lin et al., 2007) .
The amount of fresh air provided to the middle of room for other cases are in accordance with ASHRAE-62 requirement.; In these cases large influx of air from the open windows and door entered the office in respect to afore mention cases, so ACH and the amount of fresh air are increased more than ever. It could be observed that the open windows-door has resulted in considerable changes in airflow pattern.
Results obtained from ACH measurements in some conditions especially when the windows and door were closed are consistent with the office having an unacceptable air exchange rate. This is due to the low mean outside air velocity in these cases and the outside (fresh) air provision to the premise is insufficient as determined from the ventilation analysis and in most conditions could not fulfill ASHRAE-62 requirements.
There are many researches which have been done by (Adam, 1995; Raja et al., 2001; Fracastoro et al., 2002; Rijal et al., 2007; Hassan et al., 2007; Lin et al., 2007; Liping and Hien, 2007 ) that depict the significant influence of open windows-door on enhancing airflow patterns in buildings.
During conducting the experimental work, curtains in Figure 3 were removed, hence different results are not due to this case. Among the 14 cases, the office in controlled condition (Two windows closed and door closed) had the lowest ACH as well as the AEE. This was due to the fact that for naturally ventilated buildings, the internal air movement is dominantly driven by outdoor air.
Usually, modern buildings are designed to be tightly sealed to serve the energy saving purposes such that an outdoor air infiltration through building leakages is minor. If the windows of a naturally ventilated building are closed, outdoor airflow across the building will be blocked and the supply of fresh air will depend on infiltration through leakages only. It is expected that the air change rate in such circumstance would be relatively small. Naturally ventilated buildings also do not have a mechanical air diffusion system inside. Air movement inside the building is dominantly driven by outdoor airflows. When the windows and door are closed and the outdoor airflows are cut off, thermal convection currents will become the dominant air movement driving mechanism inside the room, in this case the convection currents were not quite effective in flushing the old air with the infiltrated fresh air. However, when the windows and door were opened, the highest ACH was resulted (Chao et al., 2004) .
In these almost similar cases ( 
Evaluation of Local AEE
Various local AEE (" L ) are computed and tabulated in Table 2 . The local AEE was determined by dividing the nominal age of air (taking concentration measurements at the exhaust (Figure 2 ), E , by the age of air in the middle of office, L .
When there is a uniform distribution of air over the office air-space, " L ¼ 1. However, when there is a nonuniform distribution of air over the office air-space or in another word, some stagnant zones within office airspace, values of " L are significantly 51. A value 51.0 shows less than perfect mixing with some degree of stagnation. A value of " L 41 suggests that a degree of plug or displacement flow is present (Rock et al., 1995; ASHRAE, 2005) .
The local AEE at location for controlled condition (A Two windows closed and door closed) is 0.76. Results obtained from the evaluation of the age of air and AEE showed that there was nonuniformity in air distribution or there are stagnant zones within office air-space in this condition. All windows and door were closed, air entered the room only due to air infiltration through the cracks and the frame of windows and door, the outdoor air could not come into the office easily so the age of air at this condition is old and AEE was 51.
In (Rock et al., 1995; ASHRAE, 2005) these imply that there is nonuniformity in air distribution or there are stagnant zones within office air-space in these conditions. It is expected that the main reasons for these cases were that the outside mean air velocity was low, it was near inside mean air velocity for two conditions, and considerably it can not be imagine enough airflow to move air inside the office, so the age of air was old and AEE was 51.
In other conditions the local AEE in the middle of room was found to be close 1, this implied that there were no short-circuiting of ventilation and suggested that a degree of plug or displacement flow was not present. The local AEE indicated a reasonably perfect mixed air in those locations (ASHRAE, 2005) .
Opening windows and door have improved AEE (Lin et al., 2007) . The air age at the windows-door opening conditions is young, based on measurements in this study and other experimental works such. This is because fresh air is drawn into the office. In general there are improvements in AEE in windows-door open cases.
The AEE (in 23 offices within Finland was measured in 1986 (Seppanen, 1986) ). AEE always exceeded 0.82 and was typically near 1.0 except in office buildings with air supplied to the hallway and exhausted from the office area. A study in several office buildings and in a research laboratory in the U.S.A obtained AEE ranging from 0.72 to 1 (Fisk and Faulkner, 1992) . In this study, the AEE ranged from 0.76 to 1.04 and it is in connection to (Fisk and Faulkner, 1992) .
Result obtained from the evaluation of AEE in the office showed that there was nonuniformity in air distribution in office room in some conditions, but in most of conditions the local AEE indicated a reasonably perfect mixed air in those conditions.
Evaluation of the Thermal Comfort
Thermal comfort parameters were measured and through them PMV and PPD were calculated. Measurements of DBT and RH are listed in Table 3 . Distributions of PMV and PPD for 14 conditions are listed in Table 4 . ASHRAE 1955 ASHRAE -1992 The ASHRAE Standard 1955-1992 states that the comfort zone for summer conditions in cold countries air temperature is between 238C and 268C and RH between 20% and 60%. In this study it has been obtained that ( Table 4 ) the office is not within the comfort range of ASHRAE 55 during working hours for all conditions.
DISCUSSION BASED ON
DATA ANALYSIS BASED ON SIMULATION WITH REFERENCE TO THE ISO 7730
This analysis resulted from the measurement in the middle of the room on December 1-29, 2006 from 9.00 a.m. to 17.00 p.m. (working hours). From the analysis using InfoGap and Microsoft Excel, the Microclimate indices Calculation in Moderate Environment shows that the ranges of predicted mean vote (PMV) for naturally ventilated office for 14 conditions was between À0.8 and 2.8 as shown in Table 4 . The comfort range was taken to be the conditions when the PMV has the values between À1 and þ1. Results showed that the office is not within the comfort range during working hours for most of all conditions in naturally ventilated office, except for these conditions: Z, U, and M1.
Correlation between Air Exchange Rate, AEE and PMV
SIMPLE LINEAR REGRESSION FOR 14 WINDOWS-DOOR OPENING ARRANGEMENTS
Simple linear regression analysis was performed to find out the strength of the relationship between ACH, AEE and PMV. The scattered votes diagram and its regression line is displayed in Figures 5-10 . Most of the points in PMV (Ave.), PMV (Max.), and PMV (Min.) scale are found at warmer region PMV40. Based on the regression analysis with confidence limits of 95%, six simple correlation equations can be written as in Table 5 .
For all equation the R 2 (regression co-efficient) value are large which are 96.5, 93.9, and 97.3%, respectively. Hence, these are proving very high correlation between ACH and PMV in naturally ventilated office room. Such high relationships allow accurate predictions about one variable on the basis of information about the other. Precautions done to reduce the probability errors in this study have been established as following:
(1) Calibrated equipments, (2) Proper mixing (evident from smooth decay in most conditions) and (3) High R 2 value. The correlation coefficients R 2 are 0.749, 0.707, and 0.769 and there are good relationships between AEE and PMV.
ANALYSIS OF VARIANCE FOR PMV AS A FUNCTION OF ACH AND AEE
A hypothesis was developed to determine whether there are relationships between PMV and ACH and AEE. The analysis of variance (ANOVA) was carried out to determine whether there are any significant correlations between ACH, AEE, and PMV (Ave.), PMV (Min.), and PMV (Min.). The obtained, p-values for ANOVA test for ACH are 4.422 Â 10 À10 , 1.197 Â 10 À08 , and 8.508 Â 10 À11 , which are less than 0.05 which means that hypotheses are accepted and there are significant correlation between these values and p-values for t-test are 4.42 Â 10 À10 , 1.2 Â 10 À08 , and 8.51 Â 10 À11 so their significance levels are less than 0.05 which means that the variation explained by these equations not due to chance and there are high correlation between PMV and ACH in three cases.
The obtained, p-values for ANOVA test for AEE are 6.294 Â 10 À05 , 0.00016, and 3.779 Â 10 À05 means that hypotheses are accepted so their significance levels are less than 0.05 which means that the correlation is statistically good and p-values for t-test are 6.3 Â 10 À05 , 0.00017, and 3.8 Â 10 À05 so their significance levels are less than 0.05 which means that the variation explained by these equations are not due to chance and there are good correlations between PMV and AEE in three cases. Greek Letters " L Local air exchange effectiveness L Age of air in the middle of office E Age of air at exhaust
